nsertIon of instruments or implants into the spine carries a risk for injury to neural tissue. For example, transpedicular screw fixation has been associated with a rate of permanent nerve root injury of 2.3% 11 and with misplaced pedicle screw (PS) rates of 1.7% 26 to 20%.
I nsertIon of instruments or implants into the spine carries a risk for injury to neural tissue. For example, transpedicular screw fixation has been associated with a rate of permanent nerve root injury of 2.3% 11 and with misplaced pedicle screw (PS) rates of 1.7% 26 to 20%. 23 Calancie et al. 4 have described a novel technique, stimulus-evoked (triggered) electromyography (EMG), which involves electrical stimulation of a tool or screw and subsequent measurement of muscle action potentials from myotomes innervated by the nerve roots near the stimulated instrument. Measurement of a muscle action potential resulting from a low stimulating current below a set threshold theoretically indicates a breach in cortical bone or close proximity of surgical instrumentation to nerve roots.
The threshold is the minimum amount of current required to elicit a measurable action potential in the myotome innervated by nearby nerve roots. This threshold was originally used to ensure safe placement of PSs during lumbosacral spine fixation. In addition to lumbar PS placement, 2,24,25,38,42 the technique has been used in thoracic 3,7,31,34,36 and cervical 8, 15 PS fixation, and for cervical spine lateral mass screw 8 and iliosacral screw 22 fixations. The reported effectiveness of triggered EMG (tEMG) varies widely and differs according to procedure, anatomical level, electrical current threshold, specific surgical tool conducting the current, and pulse duration. On the basis of our experience, we believe that tEMG has significant limitations for detecting misplaced PSs. In this study, we therefore performed a systematic review and meta-analysis to determine the reliability of tEMG for detecting misplaced PSs.
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The use of intraoperative triggered electromyography to detect misplaced pedicle screws: a systematic review and meta-analysis
Quality assessment method
The quality of the methods in each study was assessed with the Downs and Black checklist, 10 which measures the method quality of both randomized and nonrandomized studies. This checklist has a high internal consistency (Kuder-Richardson Formula 20 value = 0.89) and high test-retest (r = 0.88) and interrater (r = 0.75) reliabilities.
10
It encompasses 27 items, with each item requiring a binary "yes" or "no/unable to determine" response, scored as 1 or 0, respectively, except for Item 5, which is scored 2, 1, or 0 for a response of "yes," "partial," or "no," respectively. For the purposes of this review, Item 27 was modified according to methods reported in previous studies: 14, 21 either 1 or no point was awarded, depending on whether or not a study had performed a power calculation or sample size calculation. This scoring method produces a modified maximum score of 28 for a quality index, with a higher score reflecting a higher quality of a study's methods.
The Downs and Black checklist also assigns subscale scores for parameters such as reporting, external validity, internal validity (bias), internal validity (confounding or selection bias), and power. A risk of bias statement was also assessed with this checklist, following methods used in other studies. 39, 43 
Statistical analysis
All statistical analyses were performed using MetaDisc statistical software Version 1.4 (Unit of Clinical Biostatistics, Ramón y Cajal Hospital, Madrid, Spain).
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Subgroup analyses were performed only when at least 3 studies were available. The analyses were performed on a per-screw basis. Sensitivity, specificity, and the ROC AUC were calculated. The ROC is a curve that is obtained by plotting 1 minus specificity on the x-axis and sensitivity on the y-axis. The AUC of this plot measures the diagnostic accuracy of the test on a 0-to-1 scale, with a higher number indicating a more accurate test when sensitivity and specificity are optimized. Sensitivity and specificity varied according to tEMG thresholds with sensitivity increasing and specificity decreasing with higher thresholds.
Subgroup analyses included current threshold, pulse duration, the surgical tool used to conduct the electrical current, and spinal level of the procedure. Heterogeneity among the pooled studies was assessed with the I 2 statistic, which is a quantitative measure of the amount of study heterogeneity. The I 2 has a maximum of 100%, and I 2 values of 25%, 50%, and 75% were considered indicative of low, moderate, and high heterogeneity, respectively. 13 A sensitivity analysis was performed by eliminating a single study one at a time and examining whether an appreciable (i.e., ≥ 10%) change was observed in sensitivity, specificity, or ROC AUC.
results literature Search results
The initial literature search was conducted between May 26, 2014, and June 6, 2014. In total, 74 citations were retrieved, relevant articles of which had their references hand searched, which identified another 11 articles; 38 of the studies (45%) were excluded on the basis of the title and abstract. The remaining 47 studies (55%) were fully reviewed, and 21 of these studies (45%) were excluded because they had overlapping data, were animal studies, or did not contain quantifiable data that were relevant for this study. The remaining 26 studies (55%) were used for the systematic review, 18 of which (69%) contained relevant medical data that were included in the meta-analysis (Fig. 1) .
Quality assessment of Studies included in Systematic review and meta-analysis
The quality index score of the studies included in the systematic review ranged from 11 to 22, and the average score was 17.3 (SD 2.7) (Table 1) . A study with a quality index score of 19-22 was defined as having high quality, 15-18 as having moderate quality, and 11-14 as having poor quality. There were 8 (31%) high-quality, 15 (58%) moderate-quality, and 3 (12%) low-quality studies. The studies included in the meta-analysis had an average score of 17.2 (SD 2.4), and we included 5 (28%) high-quality, 11 (61%) moderate-quality, and 2 (11%) low-quality studies in the meta-analysis.
Systematic review
The studies included in the systematic review were grouped according to how the tEMG was used. Table 2 summarizes all of the studies that provided relevant evidence on tEMG data, results, and outcomes.
Lumbar PSs
In total, data from 2594 patients who underwent lumbar spinal fixation were included in the systematic review. Postoperative neurological deficits were observed in only 8 patients (0.3%). Triggered electromyography was first used in lumbar PS fixation by Calancie et al. 4 Their study reported that without the use of tEMG, 12 of 21 screws that perforated the pedicle would have gone unnoticed by the surgeon. Alemo and Sayadipour 1 reported that tEMG gave 3 false negatives (i.e., screws that were malpositioned according to postoperative CT scans but whose current was not below the tEMG threshold) that resulted in postoperative neurological deficits. Bindal and Ghosh 2 performed a retrospective review of the data from 25 patients who underwent minimally invasive transforaminal lumbar interbody fusion. The authors reported that the trajectories of 80 (76.2%) of 105 PSs were adjusted after detection of a tEMG signal. Postoperative CT scans revealed no medially or laterally misplaced screws, and no postoperative neurological deficits were observed in any of the patients.
Thoracic PSs
Of 433 patients who underwent placement of thoracic PSs with tEMG monitoring, none had any reported postoperative neurological deficits. In a study by Calancie et al., 3 71 patients underwent elective surgery that involved thoracic screws. Using CT scanning as a reference standard, the authors calculated an ROC curve with an AUC of 0.93. Reidy et al. 32 conducted a similar analysis in 17 patients and, using CT scanning as a reference standard, calculated an ROC AUC of 0.82.
Cervical Spine Fixation
Two studies reported using tEMG in cervical spine fusion cases involving both lateral mass screws and PSs. Holdefer et al. 15 examined screw placement outcomes in 2 groups of patients; in 1 group (the tEMG group), the surgeon was notified of tEMG results intraoperatively in real time, and in another (used as a control group), the surgeon was blinded to the intraoperative tEMG results. In the tEMG group, the rate of misplaced screws was 0%, whereas the control group had a rate of 4.5%. None of the 32 patients in the study showed postoperative neurological deficits.
Iliosacral Screws
Only one study reported using tEMG to guide placement of iliosacral screws. In the study by Moed et al., 22 27 patients underwent insertion of iliosacral screws for the treatment of unstable pelvic fractures. None of these patients displayed postoperative neurological deficits. No false positives were observed, indicating that the use of tEMG had a specificity of 100% in this study. Since no screw breaches were identified by postoperative CT scans, the authors could not calculate sensitivity. However, they reported that the drill bit was redirected 4 times overall, because of detection of a tEMG signal after a stimulating current below an 8-mA threshold had been applied.
meta-analysis
Of the 26 studies reviewed in this study, 18 (69%) had the data required for inclusion in the meta-analysis; all of these studies investigated the use of tEMG for monitoring PS placement. Data from 2932 patients and from 15,065 Diagnostic data: 100% specificity; no true positives were identified in the study. Neurological deficits: none. Comments: the drill bit was redirected 4 times because of detection of a tEMG threshold <8 mA. NPV = negative predictive value; PPV = positive predictive value; pts = patients.
PSs were included in this meta-analysis. The data were analyzed on a per-screw basis.
Threshold
The overall sensitivity of tEMG (Fig. 2) for detecting misplaced PSs was 0.78 (95% CI 0.73-0.82), and its specificity (Fig. 3) was 0.94 (95% CI 0.94-0.95). The ROC AUC was 0.96 (Fig. 4) , and both sensitivity and specificity of the studies included in the meta-analysis had high levels of heterogeneity with I 2 values of 88.4% (Fig. 2) and 97.4% (Fig. 3) , respectively.
The studies were stratified into 4 groups according to the electrical current threshold used in tEMG: 4-6 mA, 7-9 mA, 10-12 mA, and 14-15 mA (Table 3) . Analysis of the ROC AUC was used to examine the diagnostic accuracy based on the current threshold. The AUC was generally large for all thresholds, ranging from 0.93 to 0.99 (Fig. 5) . A current threshold of 10-12 mA gave the highest AUC (0.99) with a sensitivity of 0.82 and a specificity of 0.97; both sensitivity and specificity for this threshold were highly heterogeneous with I 2 values of 91.3% and 92.0%, respectively.
Pulse Duration
The studies analyzed here used tEMG pulse lengths ranging from 50 to 300 μsec (Table 3 ). The ROC AUC was 0.97 for a pulse length of 300 μsec. This 300-μsec pulse duration had a detection sensitivity of 0.85 and a specificity of 0.95. The sensitivity had moderate heterogeneity, and the specificity had high heterogeneity with I 2 values of 58.0% and 85.4%, respectively. A pulse length of 200 μsec had a lower AUC (0.95) but a higher sensitivity (0.90).
Triggered EMG Conductors
The surgeons in the studies analyzed used different instruments to conduct the tEMG current to tissues, including a probe, screw, tap, awl, or drill bit (Table 4 ). When the current was applied directly to the probe, the sensitivity of detection was 0.91, specificity was 0.75, and ROC AUC was 0.86. When the current was applied to the screws, sensitivity decreased to 0.73, specificity increased to 0.96, and the AUC was 0.98. Thus, current conduction through the probe gave a higher sensitivity and a lower specificity than that through the screws.
Some studies used a combination of both probe and screw stimulation. The sensitivity in this subgroup was 0.86, specificity was 0.94, and the AUC was 0.97. Screw stimulation alone had a higher AUC, which indicated that screws were the more accurate diagnostic conductor.
Anatomical Region of the Spine
Two studies that had analyzed PS placement in the cervical spine were available in the meta-analysis, and only one of these studies analyzed purely cervical PSs. Therefore, a cervical spine subgroup was not included in the meta-analysis.
Overall, the sensitivity of PS placement in the lumbar region was 0.84 (95% CI 0.80-0.88), the specificity in this region was 0.96 (95% CI 0.95-0.96), and the ROC AUC was 0.98 (Table 5) . When we analyzed the data for l. mikula, S. K. williams, and p. a. anderson the current-threshold subgroups of the lumbar PS placements, a threshold of 10-15 mA had the highest ROC AUC (0.995) and thus provided most accurate testing for PS misplacement. The overall sensitivity of tEMG for detecting PS misplacement in the thoracic region was 0.64 (95% CI 0.55-0.72), and its specificity in this region was 0.87 (95% CI 0.86-0.89), both of which were lower than those in the lumbar region; the ROC AUC was 0.93. When we analyzed current-threshold subgroups for thoracic PSs, a threshold of 6-11 mA had the highest AUC (0.88) and thus provided most accurate testing for PS misplacement (Table 5) .
Thoracic Probe Versus Screw
We also compared the accuracy of tEMG conductors at the thoracic level (Table 5 ). Screw stimulation gave a higher ROC AUC (0.96) than probe stimulation (0.85). However, probe stimulation gave much higher sensitivity (0.92) than screw stimulation (0.43).
Reference Standard and Definition of Malposition
To determine screw malposition, the studies used different reference standards, including CT, radiographs, probing, and direct visualization. When controlling for these differences, we found a difference of less than 10% in ROC AUC or specificity. However, studies using CT as a reference standard had a lower sensitivity (0.64) than studies that used radiographs (0.96) or probing or visualization (0.90).
The studies included also defined screw malposition differently. Some defined it as any screw or track breach in the pedicle, whereas others specified that the screw or track had to perforate the pedicle medially for it to be determined as misplaced. When we controlled for these differences among studies, we observed a change of more than 10% in sensitivity, specificity, or ROC AUC. 
Sensitivity Analysis
We performed a sensitivity analysis by single elimination of each study from the overall results and in subgroups according to current threshold, pulse duration, and conductors. The sensitivity analysis of the overall results indicated no appreciable change, defined as a change of 10% or greater, in the observed outcomes (Table 6 ).
Among the current-threshold subgroups, removing 5 studies from the analysis produced an appreciable change in sensitivity. 3, 12, 29, 31, 38 When the study by Glassman et al.
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was removed from the subgroup analysis, it produced appreciable changes in sensitivity, specificity, and ROC AUC.
Within the pulse-duration subgroups, eliminating Regidor et al. 31 produced an appreciable change in sensitivity, and Threshold ( removing Toleikis et al. 38 produced an appreciable change in specificity. Among the conductor subgroups, eliminating 3 studies produced an appreciable change in sensitivity.
3,29,31

Publication Bias
Publication bias was evaluated via 1-tailed funnel plots for analysis of both sensitivity and specificity (Figs. 6 and  7) . The sensitivity analysis indicated 1 outlier (i.e., Wang et al. 41 ; Fig. 6 ), which had a low sensitivity and a small number of screws and therefore a high standard error. The specificity analysis gave more consistent results, with standard errors of the studies being lower than those for sensitivity.
discussion
The purpose of this study was to assess the reliability of intraoperative tEMG for detecting misplaced PSs in real time. By comparing muscle action potentials of innervated myotomes to those at adjacent levels or of a known standard, a surgeon is theoretically able to monitor the proximity of the surgical instrumentation to neural structures. The results of this meta-analysis indicated that tEMG detects misplaced screws with high specificity but with only fair sensitivity (up to 22% of misplaced screws could be missed by tEMG). The accuracy of this method varied by current threshold, pulse duration, conductor used, and anatomical area. A current threshold of 10-12 mA provided the most accurate test according to the ROC AUC analysis. A pulse length of 300 μsec gave the most accurate detection, although a pulse duration of 200 μsec had the highest sensitivity. Current conduction via the screw gave the most accurate detection according to the ROC AUC analysis, but probe conduction gave the highest sensitivity. One limitation when using the probe as the conduction device is that during its stimulation it may be located entirely in the pedicle; we note that the screw has a larger diameter, and when it is inserted into the pedicle, it may penetrate the cortex.
The relatively low overall sensitivity of tEMG observed across the studies analyzed indicates that up to 22% of misplaced screws may not be detected by tEMG. Use of tEMG may give the surgeon a false sense of security and could therefore result in harm to a patient. The surgeon, when using this technology in screw placement, must understand this limitation and should verify accurate screw placement by other means such as palpation, direct inspection when pedicles are exposed after decompression, and radiographic imaging. The specificity was high, meaning that a tEMG at low current thresholds indicates misplaced screws and requires careful assessment and screw repositioning as needed.
The tEMG current threshold for most reliable detection of screw misplacement varied by anatomical region. For lumbar procedures, a threshold of 10-15 mA provided the most accurate detection, and for thoracic procedures, 6-11 mA provided the most accurate detection. However, a current threshold of 14-15 mA provided the greatest sensitivity at the thoracic level.
The main goal of using tEMG during spinal surgery is to avoid neurological injury. The best way to determine the efficacy of tEMG for achieving this goal is a randomized controlled trial with the primary outcome being the presence or absence of a neurological injury. However, it is unethical to conduct a study in which tEMG warnings are not addressed and in which surgical actions are continued to assess the neurological outcomes of not responding to a warning. Therefore, it is challenging to determine whether a tEMG signal is a true or false positive. Researchers have tried to address this question in different ways. Some authors do not categorize individual tEMG signals as true or false positives, but instead cite improved postoperative neurological outcomes as support for the technology.
2, 24, 37 Others report how neurological structures were preserved through the use of tEMG, presumably preventing a neurological deficit. 17, 27 Some studies of PS placement have correlated tEMG thresholds with accurate PS placement. However, this approach does not directly measure the reliability of tEMG to prevent neurological injury because not all misplaced screws create neurological damage. 7, 31 One concern regarding the use of this technique is that chronically compressed nerve roots may not respond to tEMG in the same way as healthy nerve roots do. Two studies not included in this systematic review analyzed data from injured nerve roots during decompression sur- gery. 16, 19 Both studies observed that injured or compressed nerve roots have significantly higher current thresholds than the control or decompressed nerves. This effect of nerve root injury may account for some of the heterogeneity observed in the accuracy of tEMG for detecting misplaced screws. This limitation of tEMG in the presence of chronically injured nerve roots needs to be recognized and may be addressed by increasing the current threshold to avoid further damaging these neural structures.
Calancie et al.
3 demonstrated that at the thoracic level, electrical stimulation via a probe is more effective than screw stimulation to detect medially misplaced screws. We conducted a similar comparison using data from 7 studies, although not all of these studies had focused on the ability of tEMG to detect medially misplaced screws. Three of the studies defined lateral, superior, and inferior pedicle perforations as screw misplacement in addition to medial misplacement. We conclude that, at the thoracic level, electrical stimulation of the screw gives a higher ROC AUC (0.96) than stimulation of the probe (0.85), reflecting a higher accuracy of the former stimulation type. However, we also observed that the stimulation via the probe gives a much higher sensitivity (0.92) than via the screw (0.43).
Surgeons concerned about false negatives may want to stimulate the probe during operations at the thoracic level, although they should be wary of the aforementioned potential limitation of probe stimulation. Furthermore, tEMG of PSs probably works best for detecting medial and foraminal screw malpositions affecting traversing and exiting nerve roots and is unlikely to detect anterior or lateral screw malposition. Whether tEMG can detect spinal cord injury due to misplaced screws is also unknown.
Triggered electromyography also is used for surgical applications other than PS placement. Minimally invasive techniques are being developed that lack direct visualization of the neural structures, which, in some cases, makes neuromonitoring essential to maintain patient safety. The primary example for this monitoring requirement is the lateral transpsoas approach for interbody fusion, which uses tEMG for probe and retractor placement and is gaining popularity in the management of spinal degenerative disorders. 6 In addition, tEMG has been used to assess adequacy of foraminotomies and laminectomies, 16 as an adjunct to lumbar microendoscopic discectomy, 19 and during tethered spinal cord release. 17, 27, 28, 40 Therefore, systematic reviews and meta-analyses of the utility of tEMG for ensuring the safety of these procedures should be conducted.
The limitations of this study include the heterogeneity of the studies in the meta-analysis. The likely factors in causing this heterogeneity were study design, technical aspects of tEMG utilization, and the outcomes measured. We subgrouped the studies to account for some of these variables. The sensitivity analysis showed that no single study, when removed from the overall meta-analysis, produced an appreciable (i.e., ≥ 10%) change in sensitivity, specificity, or ROC AUC. However, removal of 8 studies from the subgroup analysis produced an appreciable change in sensitivity, specificity, or AUC. Furthermore, the data sources used for this investigation varied considerably. Five of the studies were retrospective, 1,2,25,29,34 which means bias could have been present in selecting patients for the study and recall bias may have occurred in studies in which additional patient follow-up had to be conducted. The prospective studies included in this review [3] [4] [5] 7 also had limitations, including loss to follow-up. Three of the PS studies did not include false positives and true negatives in their data, so they could not be included in the meta-analysis. 7, 20, 34 Additionally, one study could not be included in the meta-analysis because it did not identify any misplaced screws.
conclusions
To our knowledge, this is the first study that has used a meta-analysis to quantify the utility of tEMG in detecting misplaced PSs. These results show how to best use tEMG while placing PSs. Although the technology has a high specificity, its fair sensitivity needs to be considered when tEMG is used during surgery. The results therefore highlight the limitations of this technology, most notably, its low sensitivity. 
